The study aims at assessing the changes in electroencephalography (as measured by the A-phases of cyclic alternating pattern) and autonomic activity (based on pulse wave amplitude) at the recovery of airway patency in patients with obstructive sleep apnea syndrome. Analysis of polysomnographic recordings from 20 male individuals with obstructive sleep apnea syndrome was carried out in total sleep time, non-rapid eye movement and rapid eye movement sleep. Scoring quantified the combined occurrence (time range of 4 s before and 4 s after respiratory recovery) or separate occurrence of A-phases (cortical activation), and pulse wave amplitude drops (below 30%) to apneas, hypopneas or flow limitation events. A dual response (A-phase associated with a pulse wave amplitude drop) was the most frequent response (71.8% in total sleep time) for all types of respiratory events, with a progressive reduction from apneas to hypopneas and flow limitation events. The highly significant correlation in total sleep time (r = 0.9351; P < 0.0001) between respiratory events combined with A-phases and respiratory events combined with pulse wave amplitude drops was confirmed both in non-rapid eye movement (r = 0.9622; P < 0.0001) and rapid eye movement sleep (r = 0.7162; P < 0.0006). In conclusion, a dual cortical and autonomic activation is the most common manifestation at the recovery of airway patency. The significant correlation between A-phases and relevant pulse wave amplitude drops suggests a possible role of pulse wave amplitude as a marker of cerebral response to respiratory events.
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IN TROD UCTI ON
Polysomnography (PSG) is the gold standard for the detection of sleep-related respiratory alterations, but it is timeconsuming, expensive and not always available. In recent years the use of portable monitoring (PM) has becoming an increasingly accepted cost-effective alternative approach (Blackman et al., 2010; Collop, 2008; Collop et al., 2007; Kuna, 2010; Masa et al., 2011; McNicholas and L evy, 2011) , but suffers from a major drawback: the lack of a reliable sign of arousals, resulting in underestimation of respiratory events (Adler et al., 2013) . To overcome this weakness, a number of studies have focused on the identification of surrogate markers of cortical arousals (Adler et al., 2013; Argod et al., 2000; Azarbarzin et al., 2014; Catcheside et al., 2002; Contal et al., 2013; Delessert et al., 2010; Haba-Rubio et al., 2005a; Pitson et al., 1994; Sforza et al., 2007; Tauman et al., 2004; Zacharia et al., 2008) .
Pulse wave amplitude (PWA) is a signal obtained from finger plethysmography, directly and positively correlated to finger blood flow (Burch, 1954) . PWA is also used as a marker of finger vasoconstriction (Catcheside et al., 2002) , reflected by decreases in the signal amplitude (PWA drops), and as a surrogate of autonomic and cortical arousal (Catcheside et al., 2002; Haba-Rubio et al., 2005a) .
Pulse wave amplitude drops show a high sensitivity in detecting AASM arousal (Adler et al., 2013; Delessert et al., 2010) , but a low specificity (Adler et al., 2013) . A plausible explanation for the low specificity was suggested by Delessert et al. (2010) : PWA drops at the recovery of airway patency can be related to changes in cortical activity, i.e. theta and delta bursts, different from the expected AASM arousals. Even if associated with a PWA drop, increased electroencephalogram (EEG) power density in the lowfrequency bands preserves sleep continuity. This finding overcomes the classical definition of arousals as isolated low-voltage fast-rhythm EEG events, markers of sleep disruption (Berry et al., 2016) . Therefore, the concept of arousal must be revised and extended, incorporating not only the autonomic parameters but also the high-amplitude EEG bursts, a special kind of arousal process (Hal asz et al., 2004) .
In this perspective, Thomas (2003) suggests a comprehensive categorization of EEG-respiratory arousals: (1) the presence of subcortical response (no EEG change but autonomic arousal); (2) cortical-I activation (K-complexes or delta waves); (3) cortical-II activation (presence of alpha/beta frequencies); (4) absence of arousal (no EEG or autonomic marker change). Similar criteria have been proposed in association with periodic leg movements in the setting of restless legs, where a hierarchy of responses has been demonstrated (Sforza et al., 1999) . The cortical-I and -II activations, described by Thomas (2003) in patients with obstructive sleep apnea syndrome (OSAS), are included in the concept of cyclic alternating pattern (CAP). CAP is a marker of sleep instability. Each CAP cycle is composed of a phase A (cortical activation) and phase B (interval). In nonrapid eye movement (NREM) sleep, CAP cycles are organized in sequences based on a 1-min periodicity. In rapid eye movement (REM) sleep, the A-phases are separated by longer temporal intervals (4-5 min), which impair the possibility to recognize a 60-s cyclicity. However, under conditions of REM sleep fragmentation, as occurs in OSAS, CAP cycles can be detected also in REM sleep.
In the CAP framework (Parrino et al., 2012) , the cerebral response is a more complex and extensive phenomenon compared with the AASM arousal (Berry et al., 2016) , as it incorporates not only the low-voltage high-frequency EEG bands such as alpha and beta (AASM arousal or subtypes A2 and A3 of CAP A-phases), but also the high-voltage lower-frequency activities such as theta and delta waves (A1 CAP A-phases; Fig. 1 ).
The present study aims at assessing during sleep the cortical response (measured by the A-phases of CAP) and the autonomic pattern (PWA drops) at the recovery of airway patency in patients with OSAS in relation to the different obstructive events, and whether PWA features can provide indirect information on cortical activation. Sleep was recorded from F4-M1, C4-M1, O2-M1 derivations integrated by bipolar montages (Fp2-F4, F4-C4, C4-P4, P4-O2) used to optimize the scoring of CAP (Terzano et al., 2002) . PSG measures included also electrooculographic channels, submental electromyogram, activity of the right and left anterior tibialis muscles, oronasal thermal sensor, nasal air pressure transducer, thoracic and abdominal effort by respiratory inductive plethysmograph, electrocardiogram, body position, oxygen saturation and PWA, the last two recorded with finger oximetry (Nonin, sampling frequency 8192 Hz, data recording rate 512 Hz A/D conversion 8 bit).
MAT ERIALS AN D METH ODS

Methods
Polysomnographic scoring was focused on the cortical and autonomic responses to respiratory events. Studies were performed at the sleep laboratory of the Pulmonary Operative Unit, Department of Thoracic Diseases, G.B. Morgagni-L. Pierantoni Hospital, Forl ı, Italy. The institutional review board approved revision of the PSG data.
Scoring of respiratory events
Respiratory events were defined according to the AASM rules (Berry et al., 2016) . Apnea (AP) was defined as a reduction in the oral thermistor signal to less than 10% of baseline, lasting at least 10 s with continued or increased respiratory effort.
Hypopnea (HP) was defined as a drop by ≥30% in the nasal cannula flow lasting at least 10 s and associated with a ≥4% desaturation (acceptable criteria).
Flow limitation (FL) was defined as a sequence of breaths, not meeting criteria for AP or HP, lasting at least 10 s, characterized by increasing respiratory effort (assessed by inductance plethysmography) and/or by flattening of the inspiratory portion of the nasal flow trace (Hosselet et al., 1998) .
Respiratory events were blindly scored (without EEG/ PWA).
Scoring of EEG
Sleep stages were scored according to the AASM rules (Berry et al., 2016) The definition of cortical activation and the scoring of phase A subtypes were based on the CAP rules (Terzano et al., 2002) .
Scoring of PWA
Spontaneous variations of PWA in the magnitude of 10-30% are reported in normal subjects reflecting normal oscillations in autonomic nervous system activity, and may have no pathological significance. A 30% drop in PWA is a cutting point to detect arousals and respiratory events (Haba-Rubio et al., 2005a; Zacharia et al., 2008) . Accordingly, only PWA drops ≥30% were scored as relevant signs of autonomic activation.
Evaluation of the responses (cortical and autonomic) to respiratory events
Analysis of cerebral and autonomic response was focused in a time range of 4 s before and 4 s after respiratory recovery (Thomas, 2003) .
On the basis of the presence/absence of cortical and autonomic activation in this time interval, respiratory events were classified as ( No specific analysis was dedicated to measure RERA (respiratory effort-related arousals without a significant fall in arterial oxygen desaturation), as a previous study conducted on patients with OSAS indicated that only 41.1% of FL events in NREM sleep met the AASM criteria for the definition of RERA (Milioli et al., 2015) .
Statistical analysis
Data were presented as mean values and standard deviations (SD), and analysed using a non-parametric ANOVA test (Kruskal-Wallis). A post hoc Dunn's multiple comparison test was applied when ANOVA reached significance. Analysis of correlation was based on the Spearman's test. Sensitivity was calculated by dividing the number of obstructive events with simultaneous phase A and PWA drop (true positives) by the sum of obstructive events associated with a phase A (true positives plus false negatives). Specificity was calculated by dividing the number of obstructive events without phase A and PWA drop (true negatives) by the sum of obstructive events non-associated with phase A (true negatives plus false positives). The positive predictive value (PPV) was calculated by dividing the number of obstructive events with simultaneous phase A and PWA drop (true positives) by the sum of obstructive events associated with a PWA drop (true positives plus false positives). The negative predictive value (NPV) was calculated by dividing the number of obstructive events without both phase A and PWA drop (true negatives) by the sum of obstructive events not associated with a PWA drop (false negatives plus true negatives). The level for statistical significance was established at P < 0.05. All statistical analyses were performed using IBM SPSS statistic 19.
RESUL TS
Clinical-anthropometric features, respiratory measures and sleep data of the 20 patients are summarized in Table 1 . Regardless of the presence or absence of a respiratory event, a total of 7850 CAP A-phases and a total of 6868 PWA drops were scored throughout sleep. Table 2 details that the PWA drops related to a respiratory event were 4693, and that 88.3% of PWA drops (4144) were associated with a phase A. Table 2 also shows that in TST, 71.8% of respiratory events were accompanied by a dual response (A + PWA), 10.4% were associated only with an EEG activation (A), 9.5% only with a relevant autonomic response (PWA), and 8.3% without any EEG or relevant vegetative reaction (NR).
The dual response A + PWA was the most frequent finding for all types of respiratory event with a progressive reduction from AP to H and FL. Conversely, isolated responses (either A or PWA) and NR increased in percentage from AP to H and FL (Table 2) .
Considering all respiratory events, at the recovery of airway patency 82.2% presented an EEG response (Table 2 , columns a + b), while a relevant PWA drop, with or without an associated A-phase, occurred in 81.3% of the events (Table 2 , columns a + c).
Also, 87.3% of respiratory events with an A-phase at the recovery of airway patency (Table 2 , columns a + b) showed a PWA drop (Table 2 , column a), and 53.3% of the respiratory events without an A-phase at the recovery of airway patency (Table 2 , columns c + d) presented a relevant PWA drop (Table 2 , column c).
Non-rapid eye movement sleep shows the same pattern of TST for the response to respiratory events (Table S1 ). In REM sleep, the distribution of responses followed the trends detected in TST and NREM sleep (Table S2 ), but isolated PWA responses (+13.3%) and NR (+14.1%) were more frequent (Table S2) . Table 3 shows that in TST the sensitivity of PWA drop for the detection of the obstructive respiratory events (AP, HP, FL) associated with a phase A at the recovery of airway patency was high, decreasing from AP (93.4%) to FL (76.4%). The main feature of specificity is the low value for all types of obstructive events. Interestingly, 44.4% of events without a phase A response had no autonomic activation. NREM sleep shows the same pattern of TST (Table S3) . Contrary to TST and NREM stages, in REM sleep the sensitivity of PWA drop for the detection of the obstructive respiratory events (AP, H, FL) associated to a phase A at the recovery of airway patency remained high in FL (90.2%), and comparable to HP (92.6%) and AP (86.3%). Also, in REM the main feature of specificity was the relatively low value for all types of obstructive events: 49.4% of events without a phase A response had no autonomic activation (Table S3) .
The correlation between events with A-phase and events with PWA drops was high in TST (r = 0.9351; P < 0.0001; Fig. 3 ) and NREM (r = 0.9622; P < 0.0001; Fig. S1 ), and significant in REM (r = 0.7162; P < 0.0006; Fig. S2 ). et al., 2008) described a strong association between PWA and AASM arousals in obstructive events, but with analytic description limited to AP and HP, irrespective of the NREM/ REM background. Our data show that, at the recovery of airway patency, a dual response, characterized by both cortical and autonomic activation, is the most frequent feature in the investigated patients with OSAS. This result confirms that the perturbed sleeping brain, as occurs during airflow reduction or increased upper airway resistance, reacts in most cases with a simultaneous activation of both EEG and vegetative subsystems. As previously demonstrated, arousal is a topical activation phenomenon that is modulated through a hierarchy of increasing responses (Haba-Rubio et al., 2005b; Hal asz et al., 2004; Janackova and Sforza, 2008; Parrino et al., 2012; Sforza et al., 2000) . When the perturbing stimulus is of low intensity, the arousal response is generally expressed by an isolated autonomic activation with or without an associated A1-phase, i.e. delta and K-bursts (McNamara et al., 2002; Rees et al., 1995) . When the stimulus intensity is high or when sleep is lighter, a delayed cortical activation is present, determining the transition from slow to fast desynchronized EEG activity (A2-and A3-phases), and a powerful activation of the autonomic nervous system [cortical arousal (Berry et al., 2016) or cortical-II activation (Thomas, 2003) ]. Increasing respiratory effort preceding arousal from sleep is a key factor in the pathophysiology of OSAS (Vandenbussche et al., 2015) . However, the arousal response can be as high and even more in H or FL than in AP. The effect of a given respiratory event can be established only by looking in the same subject and in the same phase of sleep. In our study, where AP, H and FL were analysed as three distinct pools of events and regardless of their relation to sleep structure, a spectrum of responses was suggested by the decreasing amount of dual responses (A + PWA) from AP to HP and FL events, and by a progressive increase of isolated responses (A, PWA) and NR from the stronger apneas to the shallower FL events. Overall, as airway obstruction increases, the arousal response evolves into a more powerful and extensive activation.
The most important finding of our study was the significant correlation between A-phases (cortical activation) and relevant PWA drops in response to all respiratory events, including FL, which are not classifiable as AP (based on flow criteria) or HP (based on flow and desaturation criteria). FL events represented 62.9% of all obstructive events in mild OSAS, and 24.6% in moderate-severe OSAS (Milioli et al., 2015) . FL events often produce EEG activation and consequently sleep fragmentation (Haba-Rubio et al., 2005a; Milioli et al., 2015) . Overall, 1/3 of all respiratory events were FL events, and in most cases (71.0%) they were associated with an A-phase response or with a relevant PWA drop (69.1%).
In a study carried out in 10 patients with OSAS, Delessert et al. (2010) assessed the relation between PWA drops (at least 20% amplitude reduction) and AASM arousals, regardless of a temporal relation between the arousal responses (autonomic and cortical) and obstructive respiratory events. The authors found intermediate amounts of sensitivity (64.7%) and PPV (70.9%). By means of spectral analysis, they found that PWA drops without an AASM arousal showed increased power in all the EEG bands excluding sigma, suggesting an EEG activation even in the absence of a visible AASM arousal.
In nine patients with OSAS, Adler et al. (2013) investigated the relation between PWA drops and AASM arousal associated with residual respiratory events under non-invasive ventilation (only AP and HP with >4% desaturation dips or an AASM arousal). The authors describe a sensitivity of 89.1%, a PPV of 87%, a specificity of 40.7%, and a NPV of 45.8%. An increased detection of HP associated with PWA drops was also described by Zacharia et al. (2008) . Compared with previous data, our study provided even stronger evidence of powerful sensitivity for both AP (93%) and HP (89%). Moreover, inventory of respiratory events included also a total of 1912 FL, which presented a sensitivity of 76% during TST, rising to 90% in REM sleep (Table 3) .
FL events were associated with phase A responses in 71% of cases (Table 2) . Overall, 90% of AP, 83% of HP and 69% of FL events were associated with a relevant PWA drop (Table 3) , without significant differences between NREM and REM sleep.
These findings allow us to point out some final considerations.
• Almost 90% of PWA drops were associated with an EEG activation reflected by a phase A event.
• A dual pattern (A + PWA) was the most common feature for all the three groups of obstructive events. Regardless of the sleep state, AP were more often associated with stronger arousal reactions compared with HP and FL, suggesting a hierarchical intensity of both stimulus (respiratory event and effort) and response (EEG and autonomic activation).
• Only a limited amount of respiratory events (8%) were not accompanied by a cortical or autonomic response. Extremes ranging between 4% (AP) and 14% (FL) supported the hierarchic impact of the different obstructive features.
• Because the definition of non-apneic events continues to be an area of controversy (Berry et al., 2016; Guilleminault et al., 2009; Redline and Sanders, 1997; Redline et al., 2007) and can result in considerably different values of AHI and respiratory disturbance index Manser et al., 2001; Redline and Sanders, 1997; Ruehland et al., 2009) , exploitation of all information available in the routine recording devices is deemed necessary. The amount of FL events (33% of all respiratory events) and their temporal relation with cortical and/or autonomic arousal (86%) indicates that these underrated features should be regularly included in the scoring process of OSAS as they are detectable both in PSG and PM settings.
Limitations
First of all, assessment was confined to male individuals. Moreover, the 5772 respiratory events were collected from a limited group of patients. However, the number of patients and the number of events analysed was higher compared with previous studies (Adler et al., 2013; Delessert et al., 2010; Haba-Rubio et al., 2005a; Zacharia et al., 2008) . Different threshold values for PWA were not tested. Based on previous observations (Grote et al., 2011; HabaRubio et al., 2005a) , a 30% drop in PWA was considered relevant as a cutting point to detect arousals and respiratory events. A lower threshold value would have likely increased sensitivity. However, spontaneous variations of PWA in the magnitude of 10-30% are reported in normal individuals reflecting physiological oscillations in the autonomic nervous ª 2017 European Sleep Research Society system activity, and may have limited pathological relevance. Further studies will show whether a better definition of PWA change can improve the clinical exploitation of this parameter.
Conclusion
In a comparative study between PSG and PM, Vat et al. (2015) found a significant but modest correlation between PWA drops and conventional EEG arousals (r = 0.20; P = 0.0004) probably due to the narrow definition of the AASM rules (Berry et al., 2016) . In effect, different arousal events are not equal in terms of duration and impact on motor and autonomic functions (Hal asz et al., 2004) . In our patients with OSAS, arousal responses seem to confirm a hierarchic continuum (Sforza et al., 2000) , which mirrors the severity of respiratory events. What happens downstairs (autonomic and muscle parameters) is reflected upstairs and vice versa. The frequent combination of cortical and vegetative responses at the recovery of airway patency suggests a possible role of PWA as a marker of cerebral activation, and offers new insight on the potential impact of respiratory events on sleep and health.
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